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19 ABSTRACT 

20 Porcine deltacoronavirus (PDCoV) is an emerging swine enteropathogenic 

21 coronavirus. The first outbreak of PDCoV was announced from the United States in 

22 2014, followed by reports in Asia. The nonstructural protein nsp5 is a 3C-like 

23 protease of coronavirus and our previous study showed that PDCoV nsp5 inhibits type 

24 I interferon (IFN) production. In this study, we found that PDCoV nsp5 significantly 

25 inhibited IFN-stimulated response element (ISRE) promoter activity and transcription 

26 of IFN-stimulated genes (ISGs), suggesting that PDCoV nsp5 also suppresses IFN 

27 signaling. Detailed analysis showed that nsp5 cleaved signal transducer and activator 

28 of transcription 2 (STAT2), but not Janus kinase 1 (JAK1), tyrosine kinase 2 (TYK2), 

29 STAT1 and interferon regulatory factor 9 (IRF9), key molecules of the JAK-STAT 

30 pathway. STAT2 cleavage was dependent on the protease activity of nsp5. 

31 Interestingly, nsp5 cleaved STAT2 at two sites, glutamine (Q) 685 and Q758, and 

32 similar cleavage was observed in PDCoV-infected cells. As expected, cleaved STAT2 

33 impaired the ability to induce ISGs, demonstrating that STAT2 cleavage is an 

34 important mechanism utilized by PDCoV nsp5 to antagonize IFN signaling. We also 

35 discussed the substrate selection and binding mode of PDCoV nsp5 by homologous 

36 modeling of PDCoV nsp5 with the two cleaved peptide substrates. Taken together, our 

37 study demonstrates that PDCoV nsp5 antagonizes type I IFN signaling by cleaving 

38 STAT2 and provides structural insights to comprehend the cleavage mechanism of 

39 PDCoV nsp5, revealing a potential new function for PDCoV nsp5 in type I IFN 

40 signaling. 
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IMPORTANCE 

The 3C-like protease encoded by nsp5 is a major protease of coronaviruses; thus it is 
an attractive target for development of anti-coronavirus drugs. Previous studies have 
revealed that the 3C-like protease of coronaviruses, including PDCoV and porcine 
epidemic diarrhea virus (PEDV), antagonizes type I IFN production by targeting 
NF-kB essential modulator (NEMO). Flere, for the first time, we demonstrate that 
overexpression of PDCoV nsp5 also antagonizes IFN signaling by cleaving STAT2, 
an essential component of transcription factor complex ISGF3, and that PDCoV 
infection reduces the levels of STAT2, which may affect the innate immune response. 
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50 INTRODUCTION 

51 Porcine deltacoronavirus (PDCoV) is an emerging swine enteropathogenic 

52 coronavirus (CoV), which causes acute diarrhea, vomiting, and mortality in piglets 

53 (1-4). PDCoV was first found from pig feces in Hong Kong during molecular 

54 surveillance of CoVs in avian and mammalian species in 2012 (5). The first outbreak 

55 of PDCoV was announced in the United States in 2014 (6). To date, it has been 

56 detected in at least 20 states of the United States (3, 7, 8), as well as Canada, South 

57 Korea (9), China (10-12), Thailand (13), Lao People's Democratic Republic, and 

58 Vietnam (14), posing a significant threat to the swine industry and gaining 

59 considerable attention (13, 15, 16). 

60 PDCoV is an enveloped, single-stranded positive-sense RNA virus and belongs 

61 to the genus Deltacoronavirus in the family Coronaviridae (5, 17). The PDCoV 

62 genome, approximately 25 kb in length, encodes four structural proteins, spike (S), 

63 envelope (E), membrane (M), and nucleocapsid (N), and three accessory proteins, 

64 NS6, NS7, and NS7a, interspersed within the structural genes at the 3' end of the 

65 genome (5, 18, 19). Open reading frame (ORF)la and ORFlb are located downstream 

66 from the 5' untranslated region and encode two polyprotein precursors that are 

67 predicted to be processed into 15 mature nonstructural proteins (nsps) by the 

68 papain-like protease, nsp3 and the 3C-like protease, nsp5 (20, 21). Because of the 

69 essential function of nsp5 in viral replication, it has become an attractive target for the 

70 development of anti-CoV drugs (22, 23). Understanding in detail the function and 

71 structural characteristics of PDCoV nsp5 will aid in development of targeted therapies 
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72 against CoV infection. 

73 Interferon (IFN) and the IFN-induced cellular antiviral response are primary 

74 defense mechanisms against viral infection (24). Type I IFN binds to its surface 

75 receptor at two subunits, IFNAR1 and IFNAR2, and induces heterodimerization of 

76 the receptor subunits. Subsequently, Janus kinase 1 (JAK1) and tyrosine kinase 2 

77 (TYK2) are activated and phosphorylate the cytoplasmic domains of IFNAR1 and 

78 IFNAR2 to establish docking sites for signal transducer and activator of transcription 

79 1 (STAT1) and STAT2 (25, 26). STAT1 and STAT2 are then phosphorylated by JAK1 

80 and TYK2, leading to heterodimer formation of phosphorylated STAT1 and 

81 phosphorylated STAT2 (26, 27). This complex interacts with IFN regulatory factor 9 

82 (IRF9) to form IFN-stimulated gene factor 3 (ISGF3), which is transported into the 

83 nucleus and recognizes IFN-stimulated response elements (ISREs), enhancing the 

84 transcription of hundreds of IFN-stimulated genes (ISGs) (28, 29). As effective 

85 antiviral factors, ISGs directly lead to resistance to viral infection by targeting viral 

86 processes such as transcription and translation. 

87 Given the importance of JAK-STAT pathway in the IFN signaling, it is not 

88 surprising that viruses have evolved mechanisms that target it to inhibit ISG 

89 production. Many studies have demonstrated that viral proteins, such as the NS5 

90 protein of dengue virus (DENV), Zika virus (ZIKV), and the hepatitis C virus (HCV) 

91 core protein, target the JAK-STAT pathway by diverse mechanisms to negatively 

92 modulate IFN signaling (30-32). We previously demonstrated that PDCoV nsp5 

93 antagonizes IFN-(3 production by cleaving NF-kB essential modulator (NEMO) (33). 
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94 However, whether nsp5 regulates IFN signaling remains unclear. In this study, we 

95 found that PDCoV nsp5 suppressed type I IFN signaling by cleaving STAT2, a key 

96 molecule in the JAK-STAT pathway, revealing a potential new function for PDCoV 

97 nsp5 in type I IFN signaling. 

98 

99 RESULTS 

100 Identification of PDCoV nsp5 as an antagonist of type I IFN signaling. Type I 

101 IFN signaling induces a potent antiviral state by enhancing the expression of hundreds 

102 of ISGs, which are critical for controlling viral infections (34). To assess the 

103 regulatory role of PDCoV nsp5 in type I IFN signaling, mRNA levels of ISG15, 

104 ISG54, ISG56, and OAS1 were evaluated under PDCoV nsp5 overexpression in 

105 human embryonic kidney cells (HEK-293T). As shown in Fig. 1A, ISG transcription 

106 induced by IFN-a was significantly inhibited by PDCoV nsp5 compared with the 

107 control group. Because of the existence of ISREs within ISG promoter regions, 

108 various concentrations of PDCoV nsp5 expression plasmid and ISRE-luciferase 

109 reporter plasmid were co-transfected into HEK-293T cells, porcine kidney cells 

110 (PK-15) or swine testicular cells (ST). The results showed that nsp5 strongly inhibited 

111 IFN-a-induced ISRE promoter activity in a dose-dependent manner in HEK-293T 

112 cells (Fig. IB), PK-15 cells (Fig. 1C) and ST cells (Fig. ID). These results confirm 

113 the antagonistic property of PDCoV nsp5 in type I IFN signaling. 

114 

115 PDCoV nsp5-mediated inhibition of type I IFN signaling requires its protease 
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116 activity. Because cysteine (Cys) and histidine (His) residues of CoV nsp5 form a 

117 catalytic dyad, any mutation in the catalytic site can disrupt its protease activity (22, 

118 35, 36). Secondary structure alignment showed that residues His41 and Cys 144 

119 (numbering based on PDCoV nsp5) are highly conserved among the four genera of 

120 alpha-, beta-, gamma-, and delta-CoVs (Fig. 2A). We further created a homology 

121 model of PDCoV nsp5 based on the crystal structures of porcine epidemic diarrhea 

122 virus (PEDV) nsp5 (PDB identifier 4ZUH) using MODELLER 9.14 software and 

123 compared it with the three-dimensional (3D) structures of PEDV nsp5 (alpha-CoV), 

124 severe acute respiratory syndrome coronavirus (SARS-CoV) nsp5 (beta-CoV), and 

125 infectious bronchitis virus (IBV) nsp5 (gamma-CoV). As shown in Fig. 2B, the 

126 locations of the catalytic residues are also conserved in the 3D structures of PEDV 

127 nsp5, SARS-CoV nsp5, IBV nsp5, and PDCoV nsp5. Thus, two mutations, nsp5 

128 H41A and nsp5 C144A, in the catalytic dyad were constructed. Compared with 

129 overexpression of wild-type PDCoV nsp5, repression of IFN-a-induced ISRE 

130 promoter activity was strongly relieved with overexpression of nsp5 H41A or nsp5 

131 C144A (Fig. 2C). This finding suggests that the protease activity of PDCoV nsp5 is 

132 involved in antagonizing type IIFN signaling. 

133 

134 PDCoV nsp5 antagonizes type I IFN signaling by targeting STAT2. To determine 

135 the mechanism by which PDCoV nsp5 inhibits type I IFN signaling, the endogenous 

136 protein level and phosphorylation of JAK1, TYK2, STAT1, and STAT2 were 

137 examined in IFN-a-treated LLC-PK1 cells (porcine kidney cell line). As shown in Fig. 
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138 3A, the expression and phosphorylation of JAK1 and TYK2 were not affected by 

139 PDCoV nsp5. However, STAT2 phosphorylation was impaired by PDCoV nsp5 after 

140 IFN-a treatment and the expression of total STAT2 was reduced (Fig. 3B). Thus, we 

141 did not exclude the possibility that the weaker band of P-STAT2 in the presence of 

142 nsp5 is probably due to the reduced levels of total STAT2. In addition, a slight 

143 reduction in endogenous STAT1 expression was also observed (Fig. 3B). 

144 As for the importance of PDCoV nsp5 protease activity in antagonizing type I 

145 IFN signaling, we considered whether PDCoV nsp5 cleaves specific molecules. 

146 Therefore, nsp5 was transfected into HEK-293T cells, along with JAK1, TYK2, 

147 STAT1, STAT2, or IRF9. No cleaved products were detected with JAK1, TYK2, 

148 STAT1, or IRF9 cotransfection. However, two faster migrating protein bands were 

149 observed by western blot analysis in cells cotransfected with STAT2 and PDCoV nsp5, 

150 indicating that PDCoV nsp5 mediates cleavage of STAT2 (Fig. 3C). Although nsp5 

151 overexpression also slightly reduced the protein abundance of endogenous STAT1 

152 (Fig. 3B), no cleavage product of Flag-STATl in nsp5-transfected cells was detected 

153 by an anti-Flag antibody (Fig. 3C). The nsp5-mediated reduction in endogenous 

154 STAT1 expression was not investigated further in this study. 

155 

156 PDCoV nsp5 cleaves STAT2 through its protease activity. To further confirm nsp5 

157 cleavage of STAT2, HEK-293T cells were cotransfected with STAT2 and various 

158 concentrations of PDCoV nsp5. PDCoV nsp5 induced STAT2 cleavage in a 

159 dose-dependent manner (Fig. 4A). Additionally, STAT2 cleavage was not observed in 
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160 cells cotransfected with nsp5 H41A or nsp5 C144A (Fig. 4B). Furthermore, PDCoV 

161 nsp5-induced STAT2 cleavage was not affected by treatment with caspase inhibitor 

162 Z-VAD-FMK or proteasome inhibitor MG132, confirming this cleavage occurred 

163 independent of cellular caspases or the proteasome (Fig. 4C). Taken together, PDCoV 

164 nsp5 cleavage of STAT2 appears to occur through its protease activity. 

165 To further evaluate the expression of endogenous STAT2 in PDCoV infection, 

166 the mRNA and protein levels of endogenous STAT2 were determined in 

167 PDCoV-infected LLC-PK1 cells. Although STAT2 mRNA in PDCoV-infected cells 

168 slightly increased compared with the mock-infected group (Fig. 4D), endogenous 

169 STAT2 protein was clearly decreased with PDCoV infection (Fig. 4E). Remarkably, 

170 the cleavage of endogenous STAT2 was also detected in PDCoV-infected cells (Fig. 

171 4E), revealing the biological effect of this cleavage in virus infection. 

172 

173 PDCoV nsp5 cleaves STAT2 at residues Q685 and Q758. To further identify the 

174 cleavage sites of STAT2 by PDCoV nsp5, substrate specificity of PDCoV nsp5 in 

175 viral polyprotein itself was analyzed. As shown in Fig. 5A, a preference for substrate 

176 cleavage by PDCoV nsp5 was Q residue at the PI position, which is common among 

177 other CoV subfamilies (1, 37). Because the cleavage of N-terminally Flag-tagged 

178 STAT2 by PDCoV nsp5 yielded a slightly longer than 70 kDa in Fig. 3C detected by 

179 anti-Flag antibody, a cluster of potential nsp5 cleavage sites were suggested to be in 

180 the carboxyl-terminal region of STAT2. Considering the molecule weight of cleavage 

181 products and the conserved Q residue at the PI position in substrate recognition by 
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182 coronavirus nsp5, the deletion mutants, STAT2 (1-637 aa), STAT2 (1-719 aa), and 

183 STAT2 (1-758 aa) were generated. The two cleavage products of STAT2 were longer 

184 in size than STAT2 (1-637 aa), indicating that the recognized Q residue of the PI 

185 position should be located at the C-terminal region (residues 637-864 aa) of STAT2 

186 (Fig. 5B). Eight Q residues (637-864 aa region) were subsequently changed to alanine 

187 (Fig. 5C) and transfected into F1EK-293T cells along with PDCoV nsp5. The two 

188 cleavage products separately disappeared under the expression of Q685A or Q758A 

189 (Fig. 5D), while other mutants were cleaved into two new products as expected by 

190 PDCoV nsp5, demonstrating the two potential cleaved positions to be Q685 and Q758. 

191 To further confirm these cleaved residues, a double mutant (STAT2-Q685A-Q758A) 

192 was constructed and cotransfected into HEK-293T cells with PDCoV nsp5. The 

193 results showed that STAT2-Q685A-Q758A was resistant to cleavage, confirming 

194 Q685 and Q758 to be the two PI position residues recognized by PDCoV nsp5 for 

195 cleavage of STAT2 (Fig. 5E). 

196 

197 PDCoV nsp5-mediated cleavage impairs STAT2’s ability to induce ISGs. To 

198 assess the effect of STAT2 cleavage by PDCoV nsp5 in type IIFN signaling, several 

199 deletion mutations encoding STAT2 cleavage products, including STAT2 (1-685 aa), 

200 STAT2 (1-758 aa), STAT2 (686-864 aa), STAT2 (759-864 aa), and STAT2 (686-758 

201 aa), were generated based on the identified cleaved residues. Full-length STAT2, 

202 individual deletion mutants, or mixed deletion mutants were cotransfected with 

203 STAT1 and IRF9, along with ISRE-luciferase reporter plasmid and pRL-TK. 
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204 Compared with full-length STAT2, the luciferase activity of ISRE-Luc significantly 

205 decreased under the expression of any cleaved fragments (Fig. 6A). The mRNA levels 

206 of ISGs, such as ISG15 (Fig. 6B), ISG54 (Fig. 6C) and OAS1 (Fig. 6D), were also not 

207 sufficiently induced by the cleaved STAT2 fragments. These results reveal that STAT2 

208 cleavage induced by PDCoV nsp5 impairs the ability of STAT2 to activate type IIFN 

209 signaling. 

210 

211 DISCUSSION 

212 As a powerful antiviral response, type I IFN signaling can control viral infections 

213 through activation of the transcription factor complex ISGF3, resulting in increased 

214 transcription of hundreds of ISGs that help to generate an antiviral state. Flowever, 

215 viruses have developed diverse strategies to inhibit type I IFN signaling. STAT2, an 

216 essential component of ISGF3 activity, is a common target hijacked by viral proteins. 

217 For example, the NS5 protein of flaviviruses, such as DENV and ZIK.V, target 

218 STAT2 for degradation (30, 31). The HCV core protein was also reported to interact 

219 with STAT2 to disturb the function of ISGF3 complex (32). Phosphorylation of 

220 STAT2 was inhibited by C protein of Sendai virus, and yellow fever virus NS5 

221 protein could prevent STAT2 binding to ISRE promoter (38, 39). However, the 

222 relationship between proteins encoded by CoVs and IFN signaling inhibition remains 

223 largely unclear. Limited research has shown that SARS-CoV nspl and ORF6 target 

224 STAT1 through inhibition of its phosphorylation or nuclear translocation, respectively 

225 (40, 41). SARS-CoV PLpro can disrupt the interaction between ERK1 and STAT1 to 
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226 antagonize type I IFN signaling (42). Here, we established that PDCoV nsp5, a 

227 3C-like protease, targeted STAT2 for cleavage. Furthermore, our study demonstrated 

228 that PDCoV nsp5 disrupted type I IFN signaling by cleaving STAT2, which was 

229 contributed by PDCoV nsp5 protease activity, independent of the ubiquitin 

230 proteasome pathway or apoptotic pathway. Importantly, endogenous STAT2 in 

231 PDCoV-infected cells was cleaved, which is consistent with the effect of nsp5 

232 overexpression. These results confirm the antagonistic property of PDCoV nsp5 in 

233 type I IFN signaling, which may affect the IFN response after PDCoV infection. 

234 We previously demonstrated that PDCoV nsp5 cleaves NEMO, a vital adaptor 

235 of the IKK complex, to reduce type I IFN production (33). The role of PDCoV nsp5 

236 in both IFN production and IFN signaling blockage suggests that PDCoV nsp5 limits 

237 the IFN-induced antiviral state in infected cells and contributes to rapid spread of 

238 PDCoV from an infected cell to neighboring cells. However, the relative impact of 

239 either NEMO or STAT2 in cells with PDCoV infection is unclear. Based on the 

240 identified residues of STAT2 and NEMO cleaved by PDCoV nsp5, to establish a cell 

241 line that expresses forms of NEMO and STAT2 with mutated cleavage sites will be 

242 helpful to evaluate the functional significance of potential cleavage of STAT2 or 

243 NEMO during PDCoV infection. In addition, NEMO and STAT2 are vital molecules 

244 for IFN production and IFN signaling, respectively. Previous studies have 

245 demonstrated that NEMO can be cleaved by the 3C or 3C-like proteases of PEDV, 

246 Hepatitis A virus (HAV), Food-and-mouth disease virus (FMDV), and Porcine 

247 reproductive and respiratory syndrome virus (PRRSV) (43-46). To investigate 
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248 whether STAT2 cleavage is a shared attribute among 3C-like proteases of different 

249 coronaviruses, we analyzed the nsp5 of two porcine coronaviruses, PEDV and 

250 transmissible gastroenteritis virus (TGEV), and five human coronaviruses (HCoVs) 

251 including SARS-CoV, Middle East respiratory syndrome virus (MERS-CoV), 

252 EiCoV-229E, EiCoV-OC43, and EiCoV-NL63. We found that porcine STAT2 could not 

253 be cleaved by the nsp5 of PEDV and TGEV, and human STAT2 could not be cleaved 

254 by the nsp5 of all tested human coronaviruses (data not shown). Elowever, whether 

255 cleavage of STAT2 is unique to PDCoV nsp5 requires further evidence in other 

256 coronaviruses. 

257 It is well known that STAT2 exhibits several functionally conserved regions, 

258 such as the critical tyrosine residue (Y690), which is phosphorylated to mediate STAT 

259 heterodimerization and transcription activation, and the transcriptional activation 

260 domain (TAD) at the C-terminal end, which is responsible for transcriptional activity 

261 after the ISGF3 complex binds to DNA (47-49). Our present study identified that 

262 PDCoV nsp5 cleaves STAT2 residues Q685 and Q758. It is considered that cleavage 

263 of Q685 by PDCoV nsp5 could disrupt the function of Y690 and inhibit STAT2 

264 activation. This finding also helps explain impaired tyrosine phosphorylation of 

265 STAT2 under PDCoV nsp5 overexpression upon IFN-a stimulation. The second 

266 cleavage of Q758, which is located in the TAD of STAT2, is inevitable to further 

267 disrupt the TAD, which helps to recruit other transcription co-factors. This may help 

268 explain why other cleavage products or the mixture of cleaved products of STAT2 

269 along with STAT1 and IRF9 failed to efficiently activate ISRE promoter activity. 
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270 Taken together, cleavage at Q685 and Q758 by PDCoV nsp5 damaged the structural 

271 and functional integrity of STAT2, and affected subsequent STAT2 phosphorylation 

272 and ISGs induction. 

273 According to previous studies on CoVs, the general substrate recognized by 

274 CoV nsp5 was determined to be mainly the Pi, P2, and Pi' residues (50, 51). As 

275 shown by the analysis of PDCoV nsp5 substrate specificity (Fig. 5A), the Pi residue 

276 was a conserved Q residue and the P2 residue was primarily a leucine (L), which has 

277 a large side chain. Additionally, small residues generally occupy the PI' position. The 

278 peptides EKANLQ 6 8s|ERKKYL and LEPMLQ 758 |STLEPV (P6 to P6'; numbering 

279 based on STAT2) recognized by PDCoV nsp5 at the PI and P2 positions are generally 

280 conserved substrates for all CoVs. However, glutamic acid (E) at the PI' position, 

281 which shared a large negatively-charged side chain responsible for Q685 cleavage, 

282 was unusual. Therefore, the homology model for PDCoV nsp5 in complex with these 

283 two peptide substrates was constructed based on the structure of PEDV nsp5 (PDB 

284 identifier 4ZUH) to further investigate the changes at the PI' position between the two 

285 substrates of STAT2. The PDCoV nsp5 SI' subsite is composed of S25, A26, L27, 

286 C38, P39, H41, and V42 (Fig. 7A and 7B). The model showed that the long side chain 

287 of P1 '-E fit comfortably in the pocket. Detailed molecular interactions between the 

288 two substrates and PDCoV nsp5 showed that the conserved Q at the PI position was 

289 stabilized by two hydrogen bonds with H162 and E165, and the main chain of 

290 P2'-residue formed two hydrogen bonds with the main chain of A26 (Fig. 7C and 7D). 

291 Previous studies showed that PEDV nsp5 tolerates the positively-charged side chain 
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292 of arginine (R) of PEDV N protein and a larger hydrophobic residue valine (V) of 

293 NEMO at the PI' position for cleavage (36, 43, 52). Our analysis revealed that the SI' 

294 subsite of PDCoV nsp5 demonstrates flexibility to tolerate residues with a large 

295 negatively-charged side chain instead of small aliphatic residues, suggesting a broader 

296 selection in PDCoV nsp5 substrate recognition. Thus, the complete crystal structure of 

297 nsp5 and the cleaved peptide substrates of STAT2 could provide more direct evidence 

298 and detailed information of molecular interactions between the substrate and nsp5, 

299 aiding in the design of targeted drugs against PDCoV nsp5. 

300 Similar to PDCoV, PEDV is a swine enteropathogenic CoV. Of 23 

301 PEDV-encoded proteins, at least 10 proteins have been identified as IFN antagonists 

302 (53). The mechanisms utilized by PEDV nspl, nsp5, PLP2, and N protein to 

303 antagonize type I IFN production have been elucidated (43, 53-55). As a newly 

304 emerging enteric CoV, the molecular mechanism by which PDCoV regulates IFN 

305 activity remains largely unknown. To date, only PDCoV nsp5 has been identified as 

306 an antagonist of both type I IFN production (33) and type I IFN signaling (present 

307 study). The further identification of PDCoV-encoded IFN antagonists and 

308 understanding of the interaction between PDCoV and the IFN signaling pathway will 

309 help to develop novel therapeutic targets and more effective vaccines. 

310 

311 MATERIALS AND METHODS 

312 Cells and viruses. HEK-293T and PK-15 cells, obtained from the China Center for 

313 Type Culture Collection, were cultured at 37°C in 5% CO 2 in Dulbecco's Modified 
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314 Eagle's medium (Invitrogen, USA) supplemented with 10% fetal bovine serum. 

315 LLC-PK1 cells for PDCoV infection were acquired from the ATCC (ATCC number 

316 CL-101) and cultured at the same condition described above. PDCoV strain 

317 CHN-HN-2014 (GenBank accession number KT336560) was isolated from a piglet 

318 with severe diarrhea in China in 2014 (56). 

319 

320 Plasmids and luciferase reporter assay. Nsp5 gene of PDCoV strain CHN-HN-2014 

321 was amplified and cloned into pCAGGS-HA-C with a C-terminal HA tag. PDCoV 

322 nsp5 mutants were also constructed in the pCAGGS-HA-C background. Porcine 

323 STAT1, STAT2, IRF9, JAK1, and TYK2 were cloned into pCAGGS-Flag with an 

324 N-terminal Flag tag. All STAT2 substitution mutants were constructed in the 

325 pCAGGS-Flag background by overlap extension PCR using specific mutagenic 

326 primers (available upon request). STAT2 deletion mutants were also cloned into 

327 pCAGGS-Flag. All constructed plasmids were confirmed by sequencing. 

328 The luciferase reporter plasmid ISRE-Luc used in this study has been previously 

329 described (57). For luciferase reporter assays, HEK-293T cells were transfected with 

330 reporter plasmid ISRE-Luc and pRL-TK. Twenty-four hours after transfection, the 

331 cells were stimulated with IFN-a (Catalog no. 11101-2, PBL Assay Science) for 12 h 

332 at a final concentration of 1,000 U/ml. The lysed cells were prepared and the 

333 luciferase reporter assay system (Promega, Madison, WI) was utilized to determine 

334 the luciferase activities of lysed cells. The activities were normalized to that of 

335 pRL-TK (Promega). 
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336 RNA extraction and quantitative real-time PCR. To determine the effect of 

337 PDCoV nsp5 on the expression of ISGs, including ISG15, ISG54, ISG56, and OAS1, 

338 HEK-293T cells in 24-well plates were transfected with 1 pg of empty vector or nsp5 

339 expression plasmid. After 24 h, the cells were treated with IFN-a (1,000 U/ml) for 12 

340 h. To evaluate the ability of the cleavage products of STAT2 to induce ISGs, 

341 full-length STAT2 or its deletion mutants were cotransfected with STAT1 and IRF9 

342 into PK-15 cells for 32 h. Total RNA was extracted from transfected cells with TRIzol 

343 reagent (Invitrogen). RNA was then reverse transcribed into cDNA by avian 

344 myeloblastosis virus reverse transcriptase (TaKaRa, Japan). Quantitative real-time 

345 PCR (qPCR) experiments were performed in triplicate. mRNA expression levels were 

346 normalized to that of glyceraldehyde-3-phosphate dehydrogenase (GAPDH). All 

347 qPCR primers used in this study are listed in Table 1. 

348 

349 Western blot analyses. Cells were cultured in 60-mm dishes and harvested with lysis 

350 buffer (Beyotime, China). The samples were then resolved by SDS-PAGE and 

351 transferred to polyvinylidene difluoride membranes (Millipore, USA) to determine 

352 protein expression. Cells were also treated with a broad caspase inhibitor 

353 (Z-VAD-FMK; Beyotime, China) or a proteasome inhibitor (MG132; Beyotime, 

354 China) at a final concentration of 20 pM. The overexpression of JAK1, TYK2, IRF9, 

355 STAT1, STAT2, and STAT2 mutants was evaluated using an anti-Flag antibody 

356 (Macgene, China). An anti-HA antibody (MBL, Japan) was used to analyze the 

357 expression of PDCoV nsp5. STAT1 polyclonal antibody (Santa Cruz, USA), STAT2 
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358 antibody (ABclonal, China), JAK1 antibody (Cell Signaling Technology, USA), and 

359 TYK2 antibody (Cell Signaling Technology, USA) were utilized to detect each 

360 respective endogenous protein. Phospho-STATl antibody (Cell Signaling Technology, 

361 USA), Phospho-STAT2 antibody (ABclonal, China), Phospho-JAKl antibody (Cell 

362 Signaling Technology, USA), and Phospho-TYK2 antibody (Cell Signaling 

363 Technology, USA) were utilized to identify the phosphorylated form of each 

364 respective endogenous protein. 

365 

366 Homology modeling. A BLASTP search of PDCoV nsp5 sequence against the 

367 Protein Data Bank (PDB) library revealed PEDV nsp5 (PDB identifier 4ZUH) to be a 

368 close homolog. Thus, the homology model of PDCoV nsp5 was generated based on 

369 the crystal structures of PEDV nsp5 using MODELLER 9.14 software (58). The 

370 distribution of hydrophobic and hydrophilic interactions between the substrates and 

371 protease was created by the LigPlot+ program. 

372 

373 Statistical analysis. All experiments were performed in triplicate. Significant 

374 differences were determined using Student’s t test. P values <0.05 were considered 

375 statistically significant. 

376 
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546 FIGURE LEGENDS 

547 FIG 1. PDCoV nsp5 antagonizes type I IFN signaling. (A) HEK-293T cells 

548 cultured in 24-well plates were transfected with PDCoV nsp5 expression plasmid or 

549 vector. After 24 h, cells were treated with 1,000 U/ml of IFN-a for 8 h and analyzed 

550 by qPCR. (B, C and D) HEK-293T cells (B), PK-15 cells (C) or ST cells (D) cultured 

551 in 24-well plates were transfected with various concentrations of PDCoV nsp5 

552 expression plasmid along with ISRE-Luc plasmid and pRL-TK plasmid. After 24 h, 

553 cells were treated with 1,000 U/ml of IFN-a for 12 h, followed by luciferase assays. 

554 

555 FIG 2. PDCoV nsp5-mediated inhibition of type I IFN signaling requires its 

556 protease activity. (A) Sequence alignment of nsp5 for the four genera of CoVs. 

557 Delta-CoVs were represented by PDCoV (accession number ALS54085.1) and 

558 HUK13 (accession number YP_002308505.1); alpha-CoVs were represented by 

559 PEDV (accession number NC_004004) and NL63 (accession number AFV53147.1); 

560 beta-CoVs were represented by SARS-CoV (accession number NP_828850.1) and 

561 MHV (accession number NP_068668.2); and gamma-CoVs were represented by IBV 

562 (accession number NP_740623.1) and TCoV (accession number YP_001941178.1). 

563 Secondary structures of CoV nsp5s were analyzed using the ESPript website 

564 (http://espript.ibcp.fr/ESPript/ESPript/index.php). (B) Structural alignment of the 

565 conserved residues His41 and Cysl44 in CoV nsp5s. The homology model of PDCoV 

566 nsp5 was generated based on the crystal structures of PEDV nsp5 by MODELLER 

567 9.14 software. The 3D structures of PEDV nsp5 (PDB identifier 4ZUH), SARS-CoV 
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568 nsp5 (PDB identifier 2Q6G), and IBV nsp5 (PDB identifier 2Q6D) were obtained 

569 from the Protein Data Bank. Red arrows indicate conserved enzymatic proteolysis 

570 residues. (C) HEK-293T cells in 24-well plates were transfected with PDCoV nsp5 

571 expression plasmid or its protease-defective mutants C144A and H41A to analyze 

572 ISRE promoter activity, as described in Fig. IB. 

573 

574 FIG 3. PDCoV nsp5 inhibits type I IFN signaling by targeting STAT2. (A) 

575 PDCoV nsp5 does not affect JAK1 and TYK2 phosphorylation and expression. PK-15 

576 cells were transfected with PDCoV nsp5 expression plasmid or vector. After 24 h, 

577 cells were treated with IFN-a (1,000 U/ml) for 1 h and collected for western blot 

578 analysis. JAK1 antibody, TYK2 antibody, Phospho-JAKl (P-JAK1) antibody and 

579 Phospho-TYK2 (P-TYK2) antibody were utilized to detect each respective 

580 endogenous protein. (B) The level of endogenous STAT2 and phosphorylation were 

581 both reduced under the expression of PDCoV nsp5. PK-15 cells were transfected with 

582 PDCoV nsp5 expression plasmid or vector and treated as described in panel A. STAT1 

583 polyclonal antibody, STAT2 antibody, Phospho-STATl (P-STAT1) antibody, 

584 Phospho-STAT2 (P-STAT1) antibody were used for western blot. (C) F1EK-293T cells 

585 were cotransfected with Flag-appended JAK1, TYK2, STAT1, STAT2, or IRF9 

586 expression plasmids along with PDCoV nsp5. Cells were lysed at 32 h after 

587 transfection and analyzed by western blotting. 

588 

589 FIG 4. PDCoV nsp5 cleaves STAT2 to disrupt type I IFN signaling. (A) 
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590 HEK-293T cells were cotransfected with various concentrations of PDCoV nsp5 

591 expression plasmid and Flag-appended STAT2. Cells were then lysed for western blot 

592 analysis at 32 h after transfection. (B) HEK-293T cells were cotransfected with 

593 wild-type PDCoV nsp5 or its protease-defective mutants (C144A and E141A) and 

594 STAT2 expression plasmid as described in panel A. (C) FIEK-293T cells were 

595 cotransfected with wild-type PDCoV nsp5 and STAT2 expression plasmids. After 16 

596 h, cells were treated with MG 132 or Z-VAD-FMK (final concentration of 20 pM) for 

597 8 h. Cell lysates were prepared and analyzed by western blotting. (D) LLC-PK1 cells 

598 were infected with PDCoV strain CHN-F1N-2014 (MOI=2) and then harvested for 

599 STAT2 mRNA detection by qPCR at 18 h post-infection. (E) LLC-PK1 cells were 

600 infected with PDCoV as described in panel D and then lysed for western blot analysis 

601 at 18 h post-infection. 

602 

603 FIG 5. Q685 and Q758 are the sites of PDCoV nsp5-mediated STAT2 cleavage. 

604 (A) Sequence logo of the polyprotein junctions cleaved by PDCoV nsp5. An amino 

605 acid sequence logo of the substrate was generated by WebLogo 3 

606 (http://weblogo.threeplusone.com/). (B) The estimated STAT2 cleavage product by 

607 PDCoV nsp5. HEK-293T cells were transfected with STAT2 (1-637 aa), STAT2 

608 (1-719 aa), or STAT2 (1-758 aa) deletion mutant. Cells were then harvested and 

609 analyzed by western blot analysis. (C) Schematic representation of STAT2 and its 

610 mutants. (D) F1EK-293T cells were transfected with PDCoV nsp5 and wild-type 

611 STAT2 or STAT2 mutants as indicated. Cells were lysed at 32 h after transfection and 
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612 analyzed by western blotting. (E) HEK-293T cells were transfected with PDCoV nsp5 

613 and wild-type STAT2 or mutant STAT2-Q685A-Q758A as described in panel D. 

614 

615 FIG 6. PDCoV nsp5-mediated STAT2 cleavage is involved in inhibition of type I 

616 IFN signaling. (A) PK-15 cells were cotransfected with STAT1, IRF9, and wild-type 

617 STAT2 or the indicated deletion mutants, along with ISRE-Luc plasmid and pRL-TK 

618 plasmid. After 32 h, cells were harvested for luciferase assays. (B, C and D) PK-15 

619 cells were transfected with expression plasmids of STAT1, STAT2, and IRF9 as 

620 described in panel A. After 32 h, cells were harvested and the mRNA levels of ISG15 

621 (B), ISG54 (C) and OAS1 (D) were detected by qPCR. 

622 

623 FIG 7. Homologous modeling of PDCoV nsp5 with the two cleaved peptide 

624 substrates. (A and B) Homology model of PDCoV nsp5 in complex with the cleaved 

625 peptide substrates (STAT2) based on the structure of PEDV nsp5 (PDB identifier 

626 4ZUH). The residues EKANLQsssERKKYL (A) or LEPMLQ 758 STLEPV (B) (P6 to 

627 P6'; numbering based on STAT2) occupy, and thereby define, the subsites S6 to S6' of 

628 PDCoV nsp5. The positions of P6 to P6' and potential residues forming SI' (red) 

629 subsites are labeled. (C and D) The distribution of hydrophobic and hydrophilic 

630 interactions between PDCoV nsp5 and EKANLQ 6 S 5 ERKKYL (C) or 

631 LEPMLQ 758 STLEPV (D). Carbon, nitrogen, and oxygen atoms are marked as black, 

632 blue, and red circles, respectively. Hydrogen bonds are shown as green dashed lines 

633 labeled with the distance between the donor and corresponding acceptor atom. Arcs 
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634 with spokes radiating off the atoms (spokes around) and residues (arcs with spokes) 

635 represent hydrophobic interactions. 
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Table 1. Primers used for qPCR 


Primer 

Sequences (5' to 3') 

h-ISG15-F 

GGGACCTGACGGTGAAGATG 

h-ISG15-R 

CGCCGATCTTCTGGGTGAT 

h-ISG54-F 

CACCTCTGGACTGGCAATAGC 

h-ISG54-R 

GTCAGGATTCAGCCGAATGG 

h-ISG56-F 

GCTTTCAAATCCCTTCCGCTAT 

h-ISG56-R 

GCCTTGGCCCGTTCATAAT 

h-OASl-F 

CGTGTTTCCGCATGCAAATC 

h-OASl-F 

GCGAACTCAGTACGAAGCTG 

h-GAPDH-F 

TCATGACCACAGTCCATGCC 

h-GAPDH-R 

GGATGACCTTGCCCACAGCC 

h-P-actin-F 

h-p-actin-R 

P-STAT2-F 

CCTGGCACCCAGCACAAT 

GCTGATCCACATCTGCTGGAA 

TGGATGGAGAGTTGGAGCAG 

P-STAT2-R 

CTTGCTCCCAGTCTTGAGGA 

P-ISG15-F 

P-ISG15-R 

P-ISG54-F 

P-ISG54-R 

p-OASl-F 

p-OASl-R 

p-GAPDH-F 

p-GAPDH-R 

CCTGTTGATGGTGCAAAGCT 

TGCACATAGGCTTGAGGTCA 

CTGGCAAAGAGCCCTAAGGA 

CTCAGAGGGTCAATGGAATTCC 

AAGCATCAGAAGCTTTGCATCTT 

CAGGCCTGGGTTTCTTGAGTT 

AC AT GGCCT CC AAGG AGTAAG A 

GATCGAGTTGGGGCTGTGACT 


D 

o 


Downloaded from http://jvi.asm.org/ on March 5, 2017 by TUFTS UNIV LIBRARIES 





<D 

C 




Vector PDCoV nsp5 


IFN-ot 





Vector PDCoV nsp5 


§ 


s 




o 


IFN-ct 





10r- 

5 \- ' . \ -I L ■ ■■ ■ ■! 

o 1 -^ 


Vector PDCoV nsp5 


IFN-ct 



IFN-ct 


ns 



Vector PDCoV nsp5 


B 


HEK-293T cell 
IFN-a 


60 r I 

111 *. 


Vector 


PDCoV nsp5 


c 


D 


PK-15 cell 



8 


ST cell 
IFN-a 
** 

I- 



X 

CD 

_o 

O 


D 

o 


Downloaded from http://jvi.asm.org/ on March 5, 2017 by TUFTS UNIV LIBRARIES 








































Journal of Virology JVI Journal of Virology Accepted ManUSCrTpFPoSted Ollfme 


Alphacoronaviru s —{] 


PEDV 

NL 63 

SAKS 




r H M VS 
\QMVS 
3YALS 
JHAYc 
•: d i. i. i 
?XLLC 
3DVLN 
^ p'v l.M 


PDCoV 

■ 

D C 

-■ . 

: • 

K 

P I QCfQ 

3 ' ; 

0 v k m 

V 

c: a |7 

3 .: 1 

V 

1 ' .11 

1 



1 

Y K 

1 

I-. R 

• O 

-■ 

: r< r 1 

- ■ 7 

HKU 13 

V 

D C 

•1 : 

?■ 

XC 

P TO Gp/Q 

I 1 ' 

C S V K v 

V 

GAL 

3 :lt 

V 

ETC 

T L 



r 

YR 

r 

ER 

I T 

: 

S 5 KTIA 

: J 

PEDV 

L 

R L 

H 

S 

3 

. sgnIvf 

T! : 

: V r V 

R 


32 K 

V 

K Q 11 

H 




Y T 

Y 

R T 

V R 


e s f : 1 1 

A r- 7 

NL 63 

V 

R L 

1 . 

. . 


. 11 N C VF 


V CVTM 

. 1 


J. 

V 

SO:, 

•'ll 



- 

11 V 

1 

K G 

- - K 

r 

DSFMIL 

■ ' 

SARS 

K 

SN 

:-j .: 

LY 

0 

. A G Mr/ O 

3 1 

: G H S M 

O 

:icl 

JT.L F. 

V 

D T C 

P K 



K 

YK 

F 

VR 

I O 

I 

CPF S'/L 

AC * 

MHV 

V 

r s 

:: 


M 

. S 3 R M S 

7 ' 

V S Y Q V 

Q 

gc:|q 

3 '-' > 'i 

V 

r 1 

P X 




Y S 

y 

G V 

V < 

i 

K r K T V I 

A A 7 

TCoV 

- 

r j m 

H - 

E . 

V 

TQNGp/T 

J|-: 

V SSRI 

I-: 

- A •• 

3 

I 

A V A 

A : 



1 : 

Y K 

y 

VK 

A M 


DSFT 1 A 


IBV 


N N 

. 1 . . 

. . . 

T 

TOII GlVT 

i 

V S R R L 

K 

c aIv 

3 ; [lq 

! 


. 1 




Y K 

1 

I K 

/, N 

■ : 

D S F T I A 

■ ! 


PDCoV T T- 
12 0 

PDCoV 
HKU 13 
PEDV 
NL 63 
SAKS 
KHV 
TCoV 
IBV 


310 


311 


312 


RHVY 
R H V Y 
AG VY 
SC VF 
S G V Y 
P Q G A K 
VGLY 
v Ig l. 


13 0 

HfvvfiTc 

HVVI.Q 
G v’KMR StNlYi 


144 Cys 


YXI 
YSV 
FK I 


K . G 
K . G 
N . N 
RND 
D . Y 
T . G 


313 


«4 

-g-Q-Q-Q-g. 

2 3 0 


PDCoV 


M - 


1 V 

EEV 

Q Q T A F 

DYYT 

n 


- 

3 hl:tvd. . . .ar r k 

W L A 

Q 

SC 

T SIEDFj 

HKU 13 

1 . 

. 


t- ■ V 

1 . 1.1 

:iq T A I- 

QjY Y I 

1 : 

. 

: '■ 

aHLL'JVD. . . . A N P R 

tl L A 

C 

A A 

; /do i 

PEDV 

D 

v:c 


G YlZ 

OP T L 

V EGAS 

S LFT 

E 

V L 

- L 

3 ALIMGS .TK 

W L S 

s 

SR 

TAVDRF 5 

NL 63 

r 



' - 11 

QPSjl 

V ESAU 

. M i.:: 

D 

\ 


3 A 1 . t NGC .RH 

rt :,c 

s 

T R 

V X / D G ! 

SARS 

c 

' 


i- .• 

RO '• 

A A G T D 

-TIT 

>• 

. 


3 A V I HGD .RW 

F-N 

R 

E-' T 

G T LND 5 

MHV 

s 

tl r 


1 v r< 

A O V V 

L P VQD 

YTQT 

v 


; l 

Saifmrc .NW 

FVQ 

s 

D 3 

CSLEE : 5 

TCoV 

F 

D “ 


D Y V 

LEVA 

R VP P D 

ts L VT 

N 

1 v 

'■ T L 

3 a IISVKESS: slpk 

W L E 

s 

r 1 

V 37 EDY | 

IBV 

M 

- 


; 

EE V 

R VP P 13 

N v 1 



.1 1 

3 3 V KESSFS 1 .PK 

F 

s 

' : 

V S V D 1: 5 


PDCoV OOP 


t|2 ti3 (x5 
JU2JZ J2JJ_3J2JL£J3J2J2_£ 

2 5 0 2 6 0 



ANFPCEQTKM 
AHFPCEQTKK 
TTVGN..T 
ISVSS..V 
EPLTQDHV 
3SIKADLV 
TPFSTS TA 
TPFSTSTA 


I MG 
L. G 

y\s 1 

YjS t 
GP 
DA 
T K 
I TK 



V E R I l|: 

l|e rji 

VQR11 

V K Q I 

V L Dp-1 C 

V E Q V L 
VC K I, 1. 

VC KILL 


I . C 
I . C 
Q ■ 

Q - 
KEL 
K . A 
M . V 

: i . v 


TTNRD 
L TLNRD 
HKNFG 
H E SFCi 
QNGMN 
1HS3FQ 
KSSQW 
KN SOW 


G A 
C-VM 
G K 
G K 
CRT 
C-KQ 
D P 



ct7 

JUL2JUUUL 

3 0 0 


PDCoV 

HKU 13 

PEDV 

NX. 6 3 

SARS 

MHV 

TCoV 

IBV 


j AjP ISl . 

Jp!i a . 

]M Y G VjN 



Downloaded from http://jvi.asm.org/ on March 5, 2017 by TUFTS UNIV LIBRARIES 










































































































































































Journal of Virology JVI Journal of Virology Accepted ManUSCrTpFPoSted Ollfme 


B 


IFN-a 
Vector 
PDCoV nsp5 

P-JAK1 

JAK1 

P-TYK2 

TYK2 

PDCoV nsp5 
P-actin 


+ 

+ 


IFN-a 

Vector 


+ 

+ 


w Id 

P-STAT1 

1 

1 

* 


STAT1 



— 

— — 

P-STAT2 

STAT2 

PDCoV nsp5 

P-actin 



mm __ 



— — 

— — 









C 


IRF9 

STAT1 

STAT2 

JAK1 

TYK2 

HA 

nsp5 

HA 

nsp5 

HA 

nsp5 

HA 

nsp5 

ir, 

< * 

PC s 



Downloaded from http://jvi.asm.org/ on March 5, 2017 by TUFTS UNIV LIBRARIES 


























































Journal of Virology JVI Journal of Virology Accepted MdnU SC iTpFPoSted Onlme 


B 


IB: aFlag 


IB: aHA 


PDCoV nsp5 




-STAT2 
3 — Cleaved Products 

PDCoV nsp5 

P-actin 


IB: aFlag 


IB: aHA 


>r. 

a 


«— STAT2 
D—Cleaved Products 

PDCoV nsp5 

P-actin 



130KD — 
100KD—- 
70KD—► 


(J 

o 


s 



*—Endogenous STAT2 
Cleaved product 

PDCoV N protein 
p-actin 


Downloaded from http://jvi.asm.org/ on March 5, 2017 by TUFTS UNIV LIBRARIES 

































Journal of Virology JVI Journal of Virology Accepted ManUSCTipFPoSted Onlme 


Substrate specificity of PDCoV nsp5 
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PDCoV nsp5 in complex with 
EKANLQ(685)|ERKKYL 
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Substrate:Leul(P6)-GIu2(P5)-Pro3(P4)-Met4(P3)-Leu5(P2)- 

Gln6(Pl)(758)-Ser7(Pl’)-Thr8(P2’)-Leu9(P3’)- 

GlulO(P4’)-Proll(P5')-Vall2(P6’) 


X 

CD 

_o 

O 


D 

o 


Downloaded from http://jvi.asm.org/ on March 5, 2017 by TUFTS UNIV LIBRARIES 




